Abstract In waterlogged soil, deficiency of oxygen triggers development of aerenchyma in roots which facilitates gas diffusion between roots and the aerial environment. However, in contrast to other monocots, roots of rice (Oryza sativa L.) constitutively form aerenchyma even in aerobic conditions. The formation of cortical aerenchyma in roots is thought to occur by either lysigeny or schizogeny. Schizogenous aerenchyma is developed without cortical cell death. However, lysigenous gas-spaces are formed as a consequence of senescence of specific cells in primary cortex followed by their death due to autolysis. In the last stage of aerenchyma formation, a 'spoked wheel' arrangement is observed in the cortical region of root. Ultrastructural studies show that cell death is constitutive and no characteristic cell structural differentiation takes place in the dying cells with respect to surrounding cells. Cell collapse initiation occurs in the center of the cortical tissues which are characterized by shorter with radically enlarged diameter. Then, cell death proceeds by acidification of cytoplasm followed by rupturing of plasma membrane, loss of cellular contents and cell wall degradation, while cells nuclei remain intact. Dying cells releases a signal through symplast which initiates cell death in neighboring cells. During early stages, middle lamella-degenerating enzymes are synthesized in the rough endoplasmic reticulum which are transported through dictyosome and discharged through plasmalemma beneath the cell wall. In rice several features of root aerenchyma formation are analogous to a gene regulated developmental process called programmed cell death (PCD), for instance, specific cortical cell death, obligate production of aerenchyma under environmental stresses and early changes in nuclear structure which includes clumping of chromatin, fragmentation, disruption of nuclear membrane and apparent engulfment by the vacuole. These processes are followed by crenulation of plasma membrane, formation of electron-lucent regions in the cytoplasm, tonoplast disintegration, organellar swelling and disruption, loss of cytoplasmic contents, and collapse of cell. Many processes in lysing cells are structural features of apoptosis, but certain characteristics of apoptosis i.e., pycnosis of the nucleus, plasma membrane blebbing, and apoptotic bodies formation are still lacking and thus classified as non-apoptotic PCD. This review article, describes most recent observations alike to PCD involved in aerenchyma formation and their systematic distributions in rice roots.
Introduction
During flooding or waterlogging, diffusion of O 2 from air into the soil is effectively blocked and the respiratory consumption by plant roots, soil fauna and microorganisms totally depletes the oxygen. Long term oxygen deficiency triggers functional and developmental responses to promote acclimation to hypoxic or anoxic conditions. These conditions lead to long-term anatomical adaptations (Kawase 1981; Justin and Armstrong 1987; Geigenberger 2003) such as development of aerenchyma in roots (Drew et al. 2000; Gunawardena et al. 2001a; Colmer 2003a; Malik et al. 2003) . Aerenchyma is the term given to plant tissues containing enlarged gas spaces exceeding those commonly found as intracellular spaces. It is formed in the roots and shoots of plants adapted to aquatic or semi-aquatic conditions and some dryland species under adverse conditions, either constitutively or because of abiotic stress i.e., flooding (Jackson 1990) , nutrient deficiency (Konings and Lambers 1991) , soil compaction (He et al. 1996) , hypoxia (Sairam et al. 2009 ), high temperature and drought (Visser and Bogemann 2006) . It was first considered 160 years ago that enlarged air spaces or lacunae are formed primarily in the root cortex of flowering plants that grow in aquatic or wetland environments under hypoxic conditions. Such 'receptacles of air' were depicted to be formed by the destruction of a mass of parenchyma (Schleiden 1849). Thirty years later Sachs and De Bary identified that enlarged air chambers are formed as either lysogenously or schizogenously (Sachs 1882; De Bary 1884) . The term 'aerenchym', or aerenchyma was used initially by Schenck for these enlarged spaces particularly in peridermal and cortical tissues (Schenck 1890) .
Root aerenchyma is a tissue extending to the shoot and acts as gas transport pathway either due to simple diffusion or by pressure flow in a waterlogged, O 2 -deficient environment (Armstrong 1971; Das and Jat 1977; Kawase and Whitmoyer 1980; Raven 1996; Jackson and Armstrong 1999) and maintains strength with the least tissue. It transports oxygen to the root tip and rhizosphere besides the reverse diffusion of reduced volatile compounds from the roots and soils, including carbon dioxide, ethylene, organic acids and methane (Neue et al. 1990; Shannon et al. 1996; Colmer 2003b) . Methane diffusing out from anaerobic soils of rice fields into the atmosphere through aerenchyma is a major source of greenhouse gas causing global warming. Secondly, aerenchyma formation decreases oxygen demand affected by the removal of cortical cells (Armstrong 1979) .
Soil waterlogging and aerenchyma development
Prominent gas spaces or lacunae form in the roots of several monocotyledonous and dicotyledonous species of plants which either habitually grows under hypoxia as in aquatic plants and rice or are subjected to such conditions by poor soil drainage and subsequent waterlogging (Hook and Scholtens 1978; Armstrong 1979; Kawase 1981) . In general, formation of aerenchyma is accelerated in response to waterlogged environments during hypoxia e.g. in barley (John 1977) and maize (Jackson et al. 1985a; Drew et al. 2000) . However, in root of rice, aerenchyma formation is constitutive type which takes place even in aerobic conditions (John 1977; Clark and Harris 1981) , although the extent of aerenchyma formation is triggered by soil waterlogging (Das and Jat 1977; Justin and Armstrong 1991) . Furthermore, studies on root aerenchyma formation in rice have also shown enhanced formation of aerenchyma, when O 2 deficiency was imposed in hydroponics (Colmer et al. 1998; Colmer 2003a) . Ethylene signalling had previously been implicated in enhanced aerenchyma formation in rice (Jackson et al. 1985a) however, further studies cleared that aerenchyma formation in adventitious roots is not controlled by ethylene or hypoxia (Jackson et al. 1985b) .
Rice roots are more sensitive to anoxia than other nontolerant crops (Vartapetian et al. 1970) . Aerobic cultivars maintain many semi aquatic adaptations i.e., aerenchyma development in roots and large amount of non-stomatal water loss from leaves (Lafitte and Bennett 2002) . However, mitochondrial destruction is observed in anaerobic conditions, which is found to be absent under aerobic conditions in rice roots (Vartapetian and Andreeva 1986) . Aerenchyma formation in rice occur due to separation of cell walls from adjacent cells so that the radial walls from the collapsing cells aggregate together, forming "forks", leaving a large gas-filled space or lacuna between them (Clark and Harris 1981) .
Oxygen diffuses from shoots to root tips within the aerenchyma, and radial oxygen loss from roots to the anaerobic root medium is relatively small, so that the outer parts of root have relatively lower permeability to oxygen than to water. Besides this, there should be a sufficient hydraulic permeability for water uptake. Thus in rice, water uptake is hydraulic in nature and oxygen losses are diffusive (Colmer et al. 1998) . Some rice cultivars were found to allow oxygen diffusion from aerenchyma to outer surface of roots in order to keep the rhizosphere aerobic during anoxia (Briones et al. 2002) . Lack of induction of the barrier to radial oxygen loss is also a positive response of aerenchyma formation to hypoxia and ethylene. This implies that these two root aeration traits, considered to act synergistically to enhance O 2 diffusion to the root apex are differentially regulated (Armstrong 1971; Colmer 2003b) .
In rice, as compared to root age, probably root-length is the key factor that determines root porosity i.e., aerenchyma during flooding (Justin and Armstrong 1991) . However, further studies cleared that roots of plants under waterlogged conditions are relatively shorter and more aerenchymatous than non-waterlogged conditions (Visser et al. 2000) because of slower root growth in the tissue localized near the root apex (Rost 1994) . Root aerenchyma does not form during anoxia (Roberts et al. 1984) . True tolerance to anoxia is found only in few species in the plant kingdom, e.g. rice seeds have the ability to germinate under anoxic conditions (Sauter 2000) . The formation of cortical aerenchyma in stems and roots is thought to occur either by lysigeny or schizogeny (Evans 2003; Visser and Voesenek 2004; Seago et al. 2005) . Schizogenous aerenchyma occurs when intercellular gas spaces form during tissue development without cell death taking place. Spaces are formed by differential growth, with adjacent cells separating from one another at the middle lamella. It is therefore, a normal developmental process involving the formation of specialized cortical cells that divide and enlarge differentially to create ordered gas spaces by cell separation (Evans 2003) . Lysigeny results in the formation of an aerenchyma with conspicuous gas spaces, often with a less regular or 'ordered' structure than that seen for an aerenchyma formed by schizogeny. Lysigeny is developed through cell disintegration in the primary cortex of adventitious roots (Shimamura et al. 2007 ) involving programmed cell death. This review focuses on the programmed cell death during lysigenous aerenchyma formation.
Lysigenous aerenchyma formation
Lysigenous aerenchyma (or lysigeny) is created via programmed cell death (Jackson and Armstrong 1999; Evans 2004 ). Lysigenous gas spaces form as a consequence of senescence of specific cells followed by their autolysis and cell disintegration (death) in the primary cortex of adventitious roots of rice (Justin and Armstrong 1991; Colmer 2003a; Colmer et al. 2006) . Lysigenous aerenchyma develops behind the root tip, in the cortical region having the complete cell expansion (Ranathunge et al. 2003; Jung et al. 2008) . Both schizogenous and lysigenous aerenchyma are fascinating developmental systems as both produce the same end result (aerenchyma) and lysigeny results in the formation of an aerenchyma with conspicuous gas spaces, with a less ordered process. Transverse section of rice root in which lysigenous aerenchyma has been induced shows strands of surviving cells separated through gas spaces in the cortex. This forms a tissue structure resembling a 'spoked wheel' arrangement (Joshi et al. 2010) . The summary of lysigenous aerenchyma development in flooded and aerobic conditions has been depicted in Fig. 1 .
Ultrastructural changes during lysigenous aerenchyma formation
In recent decades, response of plant cells during hypoxia was studied principally through modern physical and chemical methods and their conceptualized interpretations were exemplified using electron microscopy. Electron microscopy further reveals the static and dynamic rearrangements of cellular membranes provoked during adaptive or degenerative changes induced by stress. In aerated conditions, rate of elongation of rice is quiet fast (c. 40 mm d −1 ) and after 6 h, rice cortical cells have been reported to reach the vacuolation stage (Webb and Jackson 1986 ). However, during hypoxia, rice tissue starts degeneration only 6 h later and shows the marked cell wall degeneration by 12 h. In rice cell wall, middle lamella dissolution occurs in cortical tissue and simultaneously the tonoplast integrity is lost which leads to lysigenous cavitation by 24 h (Webb and Jackson 1986) . Meanwhile, the cytoplasm becomes denser and appears like a thin lining between the plasmalemma and the tonoplast (Jackson et al. 1985a, b) . Formation of lysigenous aerenchyma in rice is initiated by the death of cortical cells. Since in rice roots, cell death is constitutive type, therefore it is very much difficult to establish chronological pattern. There are many differences between the descriptions of events in aerenchyma formation in rice, likely due to cultivar differences or the problems of working with a non-inducible system. Cell wall breakdown precedes the lysis of the vacuole and after 12 h apparent loss of cell turgour takes place. Aerenchyma formation is observed in cortical tissue 8-10 mm above the root tip (Kawai et al. 1998 ) and fully developed aerenchyma is observed at a distance of about 100 mm away from tip. However, no appreciable aerenchyma has been found in the apical 1-2 mm of rice roots, even under waterlogging (John 1977) . In rice even no characteristic cell morphology differentiation has been observed in the dying cells from surrounding cells (Inada et al. 2002) . Cell death precedes acidification of cytoplasm, plasma membrane rupture, loss of cellular contents and wall degradation, while cell nuclei remains intact to the late stage (Kawai et al. 1998 ).
The cells start collapsing from the center of the cortical tissue towards periphery (Kawai et al. 1998) . In this position, cells are characterized by being shorter and radially enlarged diameter than other cortical cells (Fig. 2a) . This indicates a well defined targeting mechanism for initiating the first cell death. Well-defined outer part of root contains four cell layers after aerenchyma formation (Fig. 2d) . Outermost rhizodermis surrounding exodermis is single layered dead sclerenchyma fibre below exodermis and innermost unmodified cortical cell layer adjacent to aerenchyma are separated from each other by radial, monolayered walls, which appeared as spokes in crosssections (Clark and Harris 1981) .
Physiological events leading to lysigenous cell death Jackson et al. (1985b) reported that aerenchyma formation in adventitious roots of rice is not controlled by ethylene or by low partial pressure of oxygen because neither inhibitors of ethylene action and biosynthesis prevent PCD nor exogenous ethylene concentrations increase root porosity. Later on further studies using different cultivars contradicted these results (Justin and Armstrong 1991; He et al. 1996) and role of ethylene as a regulator of lysigenous aerenchyma formation in inducible systems was confirmed (Drew et al. 2000; Gunawardena et al. 2001a; Colmer et al. 2006) . Exogenous ethylene increases aerenchyma formation in rice plants as seen in hypoxia . Similarly, aerenchyma formation is inhibited when endogenous ethylene synthesis is blocked in rice (Justin and Armstrong 1991) . Once released, ethylene is detected by an ethylene receptor in the cortical cells that die to form aerenchyma. However, other reports suggested that unlike maize, rice always forms a certain degree of aerenchyma in its roots (Colmer 2003a ) and fails to synthesize more ethylene in hypoxia. Intervarietal differences in sensitivity and ethylene mediated promotion of gas space formation have been reported in rice (Justin and Armstrong 1991) .
Thus different mechanisms are involved during cell wall breakdown process in rice. During the early stages of growth and maturation, middle lamella-degenerating enzymes are synthesized in the rough endoplasmic reticulum. These are further transported via dictyosome or in individual vesicles and discharge through plasmalemma either directly or deposite accumulations in the vicinity of plasma membrane. In addition to changes in esterified and de-esterified pectins (Gunawardena et al. 2001b ), the role of other wall degrading enzymes including expansins, cellulases, xyloglucan endo-transglycosylase and pectinases has also been reported (Jackson and Armstrong 1999) . It is likely that there are differences in the sensitivity of cells to the stimuli initiating cell death, whether hypoxia or ethylene or in subsequent response pathways. Recently, three different mechanisms have been reported for sensing hypoxia or anoxia: non-symbiotic haemoglobin and nitric oxide gene expression linked to alternative type of respiration besides mitochondrial electron transport (Sairam et al. 2009 ), changes in cytosolic Ca 2+ concentration (Drew 1997) and ethylene (Colmer 2003b; Evans 2003; Voesenek et al. 2006) . Sensing also occur if only a part of root is exposed to hypoxic conditions leading to a response along the whole root (Malik et al. 2003) .
Regulation of lysigenous aerenchyma formation
To date, a plenty of research work is available in literature on the regulation of lysigenous aerenchyma formation in rice roots. Since in rice the lysigenous aerenchyma formation is constitutive type, therefore research work on aerenchyma development is available under both normal as well as hypoxia conditions (Jackson et al. 1985b ). Hypoxia conditions induce lysigenous aerenchyma, despite the fact that aerenchyma formation is constitutive type in rice (Das and Jat 1977, Joshi et al. 2010) . Therefore, it is obvious that cell death during aerenchyma formation is governed endogenously by internal factors. Induced lysigenous aerenchyma formation is initiated by internal and external stimuli. The key initiator of lysigeny in hypoxia is ethylene, which accumulates within the tissue (Jackson et al. 1985a ). Moreover, cellular changes are not merely a direct consequence of hypoxia, which are initiated by programmed cell death (Gunawardena et al. 2001a) . Sequential spread of programmed cell death takes place due to H 2 O 2 produced as an oxidative burst. In this context, the higher doses of H 2 O 2 have been reported to induce cell death in higher plants (Tenhaken et al. 1995) . Interactions of H 2 O 2 signals in conjunction with ethylene further stimulate aerenchyma formation .
At present using modern tools, the cells that are going to die at an early stage during constitutive lysigenous aerenchyma formation can be studied. In rice roots, aerenchyma formation is initiated in the mid cortex and these cells are shorter and larger in radial diameter than other cortical cells (Fig. 2a) (Kawai et al. 1998) . During cell collapsing, the cells loose contact with tangential cells, and are sequentially degraded in a radial fashion in cortical parenchyma tissues (Fig. 2b-d) . Dying cells release a message for initiating PCD in neighboring cells through a cytoplasmic syncytium termed the symplast, which initiates the process of cell death in neighboring cells (Baron-Epel et al. 1988) . Further investigations have suggested that symplastic transport is mediated by specialized trans-cell wall structures called plasmodesmata. It was also reported that oxidative stress-activated MAP triple-kinase-1 (OMTK1) which is a specific MAPK kinase kinase can be activated only by H 2 O 2 and not by abiotic stresses or hormones. Consequently, OMTK1 activates downstream MAP kinase MMK3, which results in cell death. MMK3 can also be activated by ethylene and elicitors, thus serving as a convergence point of the cell death pathway (Nakagami et al. 2004 ).
Non-apoptotic programmed cell death during aerenchyma formation
Programmed cell death (PCD) is gene regulated process which occurs during development and in response to environmental cues (Greenberg 1996; Jones and Dangl 1996; Collazo et al. 2006) . This is energy dependent asynchronic process characterized by loss of cellular connections, cytoplasmic shrinkage, membrane blebbing, DNA fragmentation, nuclear disassembly and apoptotic body formation . Other changes in cell structure depends upon the type of cell death examined (Greenberg 1996) . Various methods are now available to identify programmed cell death and now it can be implicated with more confidence. In animal cells, apoptosis is characterized by development of characteristic cell morphology (Kitanaka and Kuchino 1999) , including cell shrinkage, chromatin condensation (pycnosis), nuclear fragmentation, and exocytosis of cell contents in membranebound "apoptotic" bodies by macrophages (Kerr et al. 1972 ). However, a second form of PCD occurs in both animal as well as plant, known as cytoplasmic cell death (CCD) (Clarke 1990) in which organelles are degraded in specific sequence, before chromatin condensation but nuclear changes do not occur until vesiculation and the formation of autophagic vacuoles. In contrast, necrotic cell death is an unregulated process of traumatic destruction, characterized by initial changes in mitochondria and cell swelling prior to death (Kerr et al. 1972 ) without the active participation of the cell (Okada and Mak 2004) .
Programmed cell death in higher plants is characterized by developing tracheary cells (Mittler and Lam 1995) , root cap cells (Wang et al. 1996) , tapetum cell degradation for pollen development (Davies et al. 1992) , sexual organ formation (Delong et al. 1993 ) and several other processes. Aerenchyma development under hypoxia is an example of PCD in which rice root cortical cells are induced to die and form larger airspaces (Drew et al. 2000) . However PCD is not purely identical to apoptosis as well as cytoplasmic cell death, though its some properties resemble to both. Due to this perhaps it is termed 'lysogenetic cell death' (De Bary 1884). The predictable lysis of root cortex cells suggests aerenchyma production in roots depends on a genetically controlled program of cell death (Jones and Dangl 1996; Drew 1997; Kawai et al. 1998 ). In the view of above facts, the question arises that whether PCD in rice roots resembles apoptosis or CCD? Previous reports yet do not show any evidence for membrane inclusions resembling apoptotic bodies and staining nuclei using TUNEL assay shows negative results (Kawai and Uchimiya 2000) . This in turn suggests that the formation of constitutive aerenchyma in rice is surprisingly unique type. Further, ultrastructural Fig. 3 Schematic model of programmed cell death during aerenchyma formation in rice roots. Aerenchyma in rice roots form by nonapoptotic lysigeny of cortical cells. Hypoxia induced signalling leads to cell enlargement in the mid cortex, followed by nuclear disruption and engulfment by vacuole. In later stages, tonoplast disruption and distortion of cellular organelles occur, followed by the loss of plasma-membrane integrity. After these events, cells lose contact with neighboring (tangential) cells, and collapse. Once cell collapse begins, the cavity then rapidly expands radially leading to aerenchyma formation study reveals chromatin condensation and its redistribution to the periphery of the nucleus in cells of the mid cortex at an early stage which is a characteristic of apoptosis in animal cells, which validates TUNEL data. However, there are marked differences in the later stages of PCD between plants and animals.
We hypothesize that aerenchyma development in rice is nonapoptotic based on some previous studies (Campbell and Drew 1983; Webb and Jackson 1986; Joshi et al. 2010 ). In the early phase of aerenchyma formation in rice roots, nuclei remain intact. In later stages middle lamella dissolution precedes breakdown of the tonoplast in O. sativa. Concentric circles of membranes are observed in lysing cells. These membranes are hypothesized to be endoplasmic reticulum which was reorganized at energy charge values (Davies et al. 1992) . In O. sativa several features of root aerenchyma formation are consistent with PCD, i.e., specific cortical cell death (Schussler and Longstreth 1996) , obligate production of aerenchyma under various environmental conditions (Ranathunge et al. 2003; Vartapetian et al. 2003; Jung et al. 2008) , and early changes in nuclear structure including clumping of chromatin, fragmentation, disruption of nuclear membrane and apparent engulfment by the vacuole followed by crenulation of plasma membrane, formation of electronlucent regions in the cytoplasm, tonoplast disintegration, organellar swelling and disruption, loss of cytoplasmic contents, and collapse of cell (Fig. 2e-f) (Borras et al. 2006; Joshi et al. 2010 ). These observations are not consistent with cell necrosis (Kerr et al. 1972 ) and characteristics of apoptosis i.e., pycnosis of the nucleus, plasma membrane blebbing, and subsequent production of apoptotic bodies have also not been observed in lysing cells. Thus PCD during aerenchyma formation in rice (O. sativa) roots indicates nonapoptotic degradation.
A proposed model of nonapoptotic cortical cell death leading to lysigenous aerenchyma formation in rice roots presented in Fig. 3 . During hypoxia, signaling events, which may include endogenous ethylene or H 2 O 2 leads to prominent cellular expansion in mid cortex. After these events, nuclear degradation and tonoplast breakdown occur, followed by cell death, which coincides with degradation of organelles and crenulation of plasmamembrane. Cells lose contact with neighboring (tangential) cell followed by rapid expansion of cavity in radial direction and at last formation of aerenchyma.
Conclusion and key questions to be unveiled
In flowering plants, long term oxygen deficiency during waterlogging lead to the development of aerenchyma. Rice roots are more sensitive to anoxia than other non-tolerant crops. This review article covers the static and dynamic rearrangements of cellular membranes provoked during adaptive or degenerative changes induced by stress. Though in rice the lysigenous aerenchyma formation is constitutive but hypoxia conditions accelerate initiation of aerenchyma showing induced lysigenous aerenchyma. The cells start collapsing from the center of the cortical tissue towards periphery. Dying cells release a message for initiating PCD in neighboring cells through symplast. Cell death precedes acidification of cytoplasm, plasma membrane rupture, loss of cellular contents and wall degradation, while cell nuclei remain intact till late stage. There are several features of root aerenchyma formation that are consistent with PCD, i.e., specific cortical cell death, early changes in nuclear structure and apparent engulfment by the vacuole followed by crenulation of plasma membrane, formation of electronlucent regions in the cytoplasm, tonoplast disintegration, loss of cytoplasmic contents, and collapse of cell. But some characteristics of apoptosis like pycnosis of the nucleus, plasma membrane blebbing, and subsequent production of apoptotic bodies are not observed in lysing cells. In the view of above facts, it is concluded that PCD during aerenchyma formation is non-apoptotic type in rice roots.
However, there are few key questions to be unveiled in future. The first and foremost question arises that why only some cells within the cortical tissue die and not other? One possibility is that the cells die by necrosis, which is a localized and uncontrolled form of cell death that probably occurs when the cells are exposed to condition varying from optimum physiological conditions (Evans 2003) . Necrotic cell death is triggered by acidification of the cytoplasm in oxygen scarcity (Vartapetian and Jackson 1997) . To date, it is obscure why constitutive root aerenchyma benefits wetland plants more than inducible aerenchyma? When the plants are grown in conditions with fluctuating soil-water levels, roots become adapted rapidly to switch from a flooding system to drained conditions and vice-versa (Jansen et al. 2005) . It is also difficult to understand that roots containing aerenchyma are less well suited for growth under drained conditions.
In addition, there is further need to understand the basis of physiological, biochemical and genetic regulation during aerenchyma formation. Limiting factors affecting both induced and constitutive lysigenous aerenchyma development need to be studied. Another research goal for induced aerenchyma seems to be, analysis of the signal transduction pathways involving cytosolic calcium and protein phosphorylation in cell death. Although the working concepts of PCD was originated with plants, but the plant researchers still use animal paradigms for understanding plant PCD. Probably comparative study on PCD in plant and animal cells may give an insight into the primordial pathway in future.
